Introduction
============

The presence of chemical modifications of nucleic acids has been firmly established over 60 y ago with the discovery of 5-methylcytidine.[@R1]^,^[@R2] Over the years, it became evident that various chemical groups can be added to or removed from sugar and base moieties of DNA and RNA.[@R3] In DNA, the best-studied modification is the methylation of the carbon C5 of cytosine (m^5^C), which plays an important role in gene regulation and the epigenetic memory of a cell.[@R4]

In RNA, post-transcriptional modifications, in particular methylation, are much more complex because they can affect all bases as well as the ribose moiety, and they can occur in a highly dynamic fashion.[@R3]^,^[@R5]^,^[@R6] The two most abundant cellular RNA species, rRNA and tRNA, have been studied in detail and the exact positions of various methylations have been determined.[@R5]^,^[@R7] Nevertheless, the functional or biological consequences of many post-transcriptional modifications in RNA, including base methylation, remain largely elusive.

While the types and positions of methylation in rRNA and tRNA are well characterized,[@R3] much less is known about methylation in poly(A)RNA. Work from the 1970s demonstrated that the majority of internal methylations are on nitrogen 6 of adenosines (m^6^A),[@R8]^,^[@R9] whereas m^5^C was found to constitute a small fraction of methylated mRNA in hamster BHK-21 and HeLa cells[@R8]^,^[@R9] but was not detected in Novikoff hepatoma[@R10] or mouse myeloma cells.[@R11] Only recently a transcriptome-wide picture of m^6^A was gained by employing antibody enrichment combined with deep sequencing methods.[@R12]^,^[@R13] Likewise, during the preparation of this manuscript, a global analysis of m^5^C levels in HeLa cells was published, showing the widespread distribution of this modification in mRNA.[@R14] One reason for the huge gap between the initial detection of these mRNA modifications and their further study was the lack of suitable methods. While bisulfite (BS) sequencing is used as a robust method to assess m^5^C in DNA,[@R15] application of this technique to RNA was hampered by the greater instability of phosphodiester bonds at high temperature and high pH, which leads to pronounced RNA degradation. Recently, it has been possible to adapt the BS treatment protocol for the analysis of m^5^C in the abundant rRNAs and tRNAs.[@R16]

In the present study, we sought to explore the presence of site-specific methylation of cytosines in less abundant cellular RNAs. Similar to the method published by Squires et al.,[@R14] we developed a protocol based on bisulfite treatment and PCR amplification of poly(A)-enriched RNA to investigate the possibility of cytosine methylation in the long non-coding (lnc) RNAs HOTAIR and XIST.

Results
=======

Discovery of m^5^C in HOTAIR RNA
--------------------------------

The function of m^5^C in tRNA and rRNA has been mainly linked to translation control[@R17] and RNA stability.[@R18]^-^[@R20] In addition, there is evidence for a structural function of m^5^C in tRNA.[@R5]^,^[@R21] Since at least some lncRNAs are known to form extended secondary and tertiary structures,[@R22]^,^[@R23] we reasoned that they might represent promising candidates in the search for cytosine methylation among poly(A)RNAs. Several species, such as the mammalian XIST or HOTAIR RNAs, have been suggested to function at the chromatin level by interacting with chromatin modifying protein complexes.[@R23]^-^[@R25] This ability may involve structural rather than sequence features of the respective RNAs. We hypothesized that if cytosine methylation affects higher-order structure and possibly protein-interaction capabilities of an RNA, then m^5^C sites would most likely be found within functionally important domains.

We selected the HOTAIR lncRNA, which has previously been shown to interact directly with chromatin-modifying complexes,[@R24] to investigate the presence of m^5^C by bisulfite sequencing. To increase the chances for detection of HOTAIR RNA after BS treatment, we adapted the method of Schaefer et al.[@R16] by starting with poly(A)-enriched nuclear RNA ([**Fig. S1**](#SUP){ref-type="supplementary-material"}). A region of \~300 nt at the 5′-end of HOTAIR has been described to associate with the polycomb-repressive complex 2 (PRC2), whereas an approximately 700 nt sequence at the 3′-end interacts with the histone demethylase complex LSD1/CoREST/REST.[@R23]^,^[@R24] Restricted by the difficulties of primer design for deaminated sequences, we were nevertheless able to analyze a short region in the vicinity of the LSD1-binding site (H1) as well as another region in the middle of the sequence (H2) ([Fig. 1A](#F1){ref-type="fig"}). The analysis of the H2 region revealed no methylated Cs ([**Fig. S2**](#SUP){ref-type="supplementary-material"}). In contrast, in fragment H1 we discovered a methylated C at position 1683 that was present in all sequenced clones derived from HEK293 cells ([Fig. 1B and E](#F1){ref-type="fig"}). To confirm that the observed complete penetrance of C1683 methylation was not due to biased amplification of non-deaminated cDNA molecules, we used bar-coded primers for a single round of hexamer-primed cDNA labeling, before PCR amplification of the H1 product. [Figure 1B](#F1){ref-type="fig"} shows that each analyzed clone contained a different barcode label, which argues against a significant PCR bias. Next we asked whether methylation of C1683 was cell type-specific. We analyzed RNA isolated from the human NT2 cell line. Once again, all examined clones displayed C methylation at position 1683 ([Fig. 1C and E](#F1){ref-type="fig"}).

![**Figure 1.** HOTAIR lncRNA shows m^5^C in various cell types. (**A**) Schematic representation of HOTAIR RNA. Previously mapped PRC2 and LSD1-interacting regions are marked in red. Black lines designate the regions that were analyzed by BS sequencing. (**B and C**) Sequencing results of 10 clones derived from BS treated HOTAIR RNA from HEK293 (**B**) and NT2 (**C**) cells. Each horizontal row in the diagrams corresponds to one sequenced clone, each square to a specific C (numbers at the bottom indicate the position of the C within the HOTAIR sequence). Non-deaminated (i.e. methylated) Cs are shown as black squares, white squares are deaminated Cs and gray squares depict non-deaminated Cs that were considered BS treatment artifacts. Barcode labels of individual clones are indicated in (**B**). (**D**) Expression analysis of HOTAIR in the breast cancer cell lines Hs578T, BT20 and in HOC7 ovarian cancer cells. RT-qPCR results are expressed relative to values obtained from HEK293 cells. (**E**) Summary of BS sequencing results for HOTAIR in different cell lines; DR, deamination rate in percent.](rna-10-1002-g1){#F1}

HOTAIR methylation is not altered in cancer cells
-------------------------------------------------

HOTAIR has recently gained increased attention for its putative role in promoting metastatic activity of several cancer types.[@R23] Since it was shown that increased HOTAIR expression in cancer cells correlated with poor prognosis for the patients, we investigated whether C1683 methylation is affected by the elevated amount of HOTAIR transcript in the Hs578T and BT-20 breast cancer and the HOC7 ovarian cancer cell lines ([Fig. 1D](#F1){ref-type="fig"}). BS sequencing analysis of HOTAIR showed that C1683 was invariably methylated in the three cancer cell lines ([Fig. 1E](#F1){ref-type="fig"}) in spite of considerably different HOTAIR expression levels ([Fig. 1D](#F1){ref-type="fig"}).

These results demonstrate that there is site-specific cytosine methylation in the lncRNA HOTAIR. Methylation of C1683 is widespread in different cell types and it is not limited by the abundance of HOTAIR RNA levels. Furthermore, the degree of methylation of C1683 appears to be remarkably high, suggesting that it might be important for the function of HOTAIR. In this respect, it is interesting to note that C1683 is located in the vicinity of the region that has previously been shown to interact with the LSD1 complex.[@R23]^,^[@R24] It is therefore tempting to speculate that methylation of this cytosine may affect the ability of HOTAIR to interact with LSD1.

XIST RNA is methylated at specific cytosines within the A-region
----------------------------------------------------------------

We then examined one of the best-studied human lncRNAs, the XIST RNA, for m^5^C methylation. XIST is required for the permanent inactivation of one of the two X chromosomes in female mammals by coating the chromosome in *cis*.[@R26] The mechanism of silencing involves association with the PRC2 complex via a region at the 5′-end of XIST, termed the repeat A-region.[@R26] This functionally important domain is composed of 8.5 repeats (R1-R8.5) of a 26 nt sequence. To determine if the A-region could be a target of C methylation, we designed primers to scan the entire A-region and an adjacent downstream segment for possible m^5^C sites by BS sequencing of RNA from the female HEK293 cell line ([Fig. 2A](#F2){ref-type="fig"}). Sequence analysis of at least 10 clones each of fragments R1-4, R4-8 and fragment X1 did not reveal enhanced protection of particular cytosine residues from bisulfite induced deamination ([**Fig. S3B‒D**](#SUP){ref-type="supplementary-material"}). In contrast, analysis of region R8-8.5 showed distinct retention of a cluster of cytosines within R8 in several clones. In a total of 37 sequences derived from multiple experiments, we observed methylation at cytosines 701, 702, 703, 711 and 712 in 19‒24% of the clones. Simultaneous methylation of all five cytosines was observed in 19% of the sequences ([Fig. 2B](#F2){ref-type="fig"}). Although we attempted the use of barcoded primers to rule out a PCR bias toward non-deaminated sequences, we were unable to obtain PCR products with these primers. However, in light of the HOTAIR results ([Fig. 1B](#F1){ref-type="fig"}), the likelihood of a bias introduced by PCR seems small.

![**Figure 2.** Cytosine methylation within A-region repeat 8 of XIST. (**A**) Schematic representation of XIST RNA and the overlapping RepA transcript. The A region is shown in blue. Blue line, PRC2 interaction domain; black lines, regions analyzed by BS sequencing; green line, size and position of the A-region in vitro transcript. (**B**) BS sequencing results for region R8-8.5. Red lines demarcate results obtained from different experiments with fresh batches of cells. (**C**) Summary of BS sequencing results of R8-8.5 in different cell types as well as in in vitro transcribed (IVT) XIST templates.](rna-10-1002-g2){#F2}

We next examined if XIST methylation is conserved also in the A-region of mouse XIST. To this end, we analyzed RNA from a female mouse embryo at E17. Although the sequences of mouse repeat 7 (which corresponds to repeat 8 in human XIST) are virtually identical, no methylation was detected at the corresponding cytosines C668, 669, 670 and 678 ([**Fig. S3E**](#SUP){ref-type="supplementary-material"}).

Since the degree of cytosine methylation at the detected positions was considerably lower in XIST than in HOTAIR, we sought to rule out the possibility that enhanced protection of these cytosines was due to potential rigid secondary and tertiary structure formation in this region, which would inhibit bisulfite-induced cytosine deamination. To this end, the entire A-region was transcribed in vitro*,* and the resulting RNA was heat-denatured and then slowly cooled to promote RNA folding. To mimic the complexity of a natural sample, the XIST transcript was mixed with an excess of total *E. coli* RNA prior to BS treatment. Sequence analysis of individual clones derived from this RNA revealed complete conversion of all the cytosines in question to uracil ([Fig. 2C](#F2){ref-type="fig"}). Therefore, given (1) the high overall deamination rate of \> 95% in our experiments ([**Fig. S3**](#SUP){ref-type="supplementary-material"}), (2) the detection of C methylation in R8 but not in any of the other repeats containing identical sequences, (3) the observed species and/or cell type-specificity of the observed methylation and (4) the fact that in vitro transcribed and, thus, non-methylated RNA showed complete C deamination, we conclude that C701-712 are genuine methylation targets in XIST.

Potential relationship between cytosine methylation and functional properties of XIST RNA
-----------------------------------------------------------------------------------------

A key question that arises with the discovery of m^5^C in lncRNAs, such as HOTAIR and XIST, is what consequences this methylation might have for the function of the RNAs. We have begun to investigate this issue by assessing the position of the methylated cytosine(s) in the context of their structural surroundings. In this analysis, we focused on XIST because the structural organization of its A-region has been studied in greater detail. Three-dimensional structure modeling revealed a distinctive propensity of R8 to enter in helical stacking interactions (see supplementary results and [**Figs. S4 and S5**](#SUP){ref-type="supplementary-material"} for a more detailed description). Furthermore, in this conformation, all the discovered methylated cytosines are positioned in close proximity on the external section of the helix ([**Fig. S5**](#SUP){ref-type="supplementary-material"}). Several reports have shown that the XIST A-region can interact with PRC2, although there remains some ambiguity as to the exact nature of the interaction.[@R25]^,^[@R27]^-^[@R29] Nevertheless, it is possible that methylation of specific Cs in the hairpin stem may modulate the interaction surface between XIST and the PRC2 complex

Cytosine methylation affects the binding properties of R8 to the PRC2 complex
-----------------------------------------------------------------------------

To test this hypothesis, we performed in vitro RNA-binding assays. We synthesized an RNA oligonucleotide spanning the R8 tetraloop sequence and part of the inter-repeat helix ([Fig. 3A](#F3){ref-type="fig"}) and bearing methyl groups on C701, 702, 703, 711 and 712. We then analyzed the ability of recombinant Flag-tagged PRC2 to interact with radiolabeled methylated and unmethylated R8 RNA by measuring retention of radioactivity on anti-Flag agarose beads. These experiments revealed that PRC2 was able to bind to the unmodified R8 RNA ([Fig. 3B](#F3){ref-type="fig"}). In striking contrast, no significant retention of radioactivity was detected when the methylated RNA was used ([Fig. 3B](#F3){ref-type="fig"}). The absence of retention of the radiolabeled methylated RNA was not due to an interference with the binding of the PRC2 complex to the beads ([Fig. 3C](#F3){ref-type="fig"}). These data clearly indicate that cytosine methylation in R8 of XIST has the potential to modulate RNA-protein interactions suggesting that posttranscriptional modification of nucleotides may be a mechanism to regulate the function of lncRNAs.

![**Figure 3.** Cytidine methylation in XIST repeat 8 prevents binding of the PRC2 complex. (**A**) Two-dimensional structure model of R5-R8 showing the position and sequence of the RNA used in the RNA-binding assay (marked in red). Black asterisks indicate the methylated cytidines. (**B**) Bar graph showing the quantification by scintillation counting of ^32^P-5′ end-labeled XIST R8 RNA bound to affinity-purified PRC2. Flag-tagged PRC2 or a Flag-tagged control protein (scAb) was incubated with either the unmodified RNA (blue bars) or RNA methylated on the 5 cytidines indicated in (**A**) (red bars) and subsequently purified by Flag-M2-agarose. In addition, the RNAs were incubated with anti-Flag-beads in the absence of protein (beads). Values represent mean +/− SD of three independent experiments. (**C**) Coomassie blue stained SDS-polyacrylamide gels showing input material (IP) and eluates (E) of Flag-M2-beads from reactions described in (**B**) for PRC2 (left panel) and scAb (right panel). Twenty-five percent and 100%, respectively, of input of PRC2 and scAb were loaded in the IP lanes, 30% of eluates were loaded in the E lanes. The positions of the PRC2 subunits EZH1 (86 kDa), SUZ12 (87 kDa) and EED (51 kDa) are indicated. The MW of scAb is 18 kDa.](rna-10-1002-g3){#F3}

Discussion
==========

In this study we show that the two lncRNAs, HOTAIR and XIST, are targets for site-specific cytosine methylation in vivo and that, at least in the case of XIST, this modification has the ability to affect protein binding. It is important to note that the BS sequencing technique may not be able to distinguish between several different cytosine modifications, such as N4,2'-*O*-dimethylcytidine (m4mC)[@R16] or 5-hydroxymethylcytidine.[@R30]^-^[@R32] Thus, although early studies of mRNA methylation using chromatographic methods failed to identify cytidine modifications other than m^5^C,[@R8]^,^[@R9] it is possible that the cytosines identified in this study bear another BS-resistant modification.

With XIST, we found that about 20% of clones showed a varying pattern of m^5^C, whereas in HOTAIR, C1683 was always methylated. The lower frequency of methylation in XIST is in accord with methylation frequencies observed for specific positions within tRNA.[@R16] In XIST, methylation of a fraction of the molecules may serve to functionally distinguish the methylated species from the bulk XIST RNA (e.g., by their PRC2-binding abilities). It is also possible that only one of the two RNA species that are transcribed from the XIST locus (i.e. XIST or RepA)[@R25] may be subject to methylation. However, the existence of RepA has so far only been confirmed for mouse embryonic cells. Alternatively, the lower frequency of non-converted Cs may also indicate that these positions bear a modification such as m4mC, which confers less resistance against deamination by BS treatment ([**Fig. S1B**](#SUP){ref-type="supplementary-material"}).[@R16]

Our data together with the recent reports on the global analysis of m^5^C and m^6^A[@R12]^-^[@R14] point to a strong potential for important biological functions of poly(A)RNA modifications. In analogy to the regulatory mechanisms acting on DNA and histones, RNA modifications might constitute what was recently dubbed "RNA epigenetics."[@R33] The further analysis of methylation of regulatory RNAs, such as HOTAIR and XIST, may reveal new and interesting roles in various processes including transcription, translation and RNA function.

Materials and Methods
=====================

Cell lines and tissues
----------------------

HEK293 (human embryonic kidney), NT2 (human neuron committed teratocarcinoma), Hs578T and BT20 (human mamma carcinoma), HOC7 (human ovarian carcinoma), female BL6 mouse embryo at developmental stage E17.

Isolation of RNA
----------------

RNA was isolated using TRizol (Sigma-Aldrich), digested with DNase I (Ambion) and purified by phenol-chloroform extraction. For eukaryotic cells, RNA was purified from isolated nuclei. To this end, cells were lysed in hypotonic buffer (10 mM HEPES-KOH, pH7.9, 10 mM KCl, 1.5 mM MgCl~2~, 0.5 mM DTT, 0.5 mM PMSF) and nuclei were pelleted by centrifugation at 4,000 rpm before RNA extraction. Poly(A) RNA was prepared using the Dynabeads mRNA Purification Kit (Invitrogen).

Bisulfite sequencing
--------------------

To establish the BS sequencing protocol, total RNA from *E. coli* was subjected to either one round of incubation for 5 min at 70°C followed by 90 min at 64°C ([**Fig. S1A**](#SUP){ref-type="supplementary-material"}) or three cycles of alternating incubations of 5 min at 70°C/45 min at 64°C ([**Fig. S1B**](#SUP){ref-type="supplementary-material"}) using the EZ RNA Methylation Kit, Beta Version (Zymo Research) according to the manufacturer's instructions. Since the latter condition resulted in the most efficient deamination, this protocol was used for the treatment of 1--2 µg of eukaryotic poly(A)RNA. Removal of bisulfite, desulphonation and washing steps were performed by binding the RNA to spin columns provided in the kit. To determine the fragment size of BS-treated poly(A)RNA, its absorbance profile was obtained using an Agilent 2100 Bioanalyzer ([**Fig. S1C**](#SUP){ref-type="supplementary-material"}). The suitability of fragmented BS-treated RNA for PCR amplification was determined by performing PCR with primers recognizing deaminated sequences in GAPDH, RPS6, XIST and HOTAIR ([**Fig. S1D**](#SUP){ref-type="supplementary-material"}).

Reverse transcription, cloning and sequencing of BS-treated RNA
---------------------------------------------------------------

Reverse transcription of BS-treated RNA was performed with random hexamer oligonucleotides and GoScript Reverse Transcriptase (Promega). For analysis of HOTAIR, cDNA was subjected to a single round of amplification using a HOTAIR-specific forward primer together with a reverse primer bearing a random 4 nt bar code sequence in addition to an adapter sequence. PCR was performed with primers specific for deaminated sequences, and amplicons were cloned into pGEM-T Easy vector (Promega) followed by sequencing of several individual clones. Deamination rates (DR) were calculated as the percentage of non-deaminated cytosines out of all sequenced cytosines of a particular amplicon. Occurrence of a non-deaminated C at a specific position in more than 15% of clones was considered to represent methylation. All primer sequences are listed in [**Table S1**](#SUP){ref-type="supplementary-material"}.

In vitro transcription and RNA folding
--------------------------------------

To generate the template for in vitro transcription, the entire A-region of XIST was amplified by PCR with primers listed in [**Table S1**](#SUP){ref-type="supplementary-material"}. One µg of template PCR product was used for in vitro transcription using the MEGAscript Kit (Ambion) according to the manufacturer's instructions. The RNA product was precipitated with 2.2 M LiCl, dissolved in RNase-free *a.d.* and digested with DNase I (Ambion). After purification using the RNeasy Mini Kit (Qiagen), the RNA was denatured at 65°C for 30 min in an Eppendorf incubator and then left in the switched-off incubator to slowly cool to room temperature in order to permit proper folding. The refolded RNA was then mixed with *E. coli* total RNA at a mass ratio of 1:10 and subsequently subjected to BS sequencing.

RT-qPCR
-------

Real-time PCR was performed with an ABI Prism 7900HT Detection System (Applied Biosystems) using cDNA prepared from the indicated cell lines ([Fig. 1D](#F1){ref-type="fig"}) and primers as well as Taqman probes as listed in [**Table S1**](#SUP){ref-type="supplementary-material"}. The standard curves were generated using serially diluted solutions of standard cDNA derived from the HOC-7 ovarian carcinoma cell line. TATA-binding protein (TBP) was used as the internal reference.

3D structure modeling of XIST
-----------------------------

Tertiary structure modeling of the XIST A-region was performed using the MC-Sym program.[@R36] The inputs were ASCII scripts describing the secondary structure of the RNA published by Duszczyk et al.[@R22] for repeats 5‒8 of XIST A region, with additional base-pairings in the polyU spacer region between R7 and R8. The specific order used to build the model was the following: stem R5, spacer between 5--6 with stem-loop, stem R6, spacer between 6--7, stem R7, spacer between 7--8 with stem-loop, stem R8. Additionally, the repeats 5--8 helix was modeled separately, with the two spacer regions connected to form a closed sequence as well as the repeats 6--7 helix. C-A and G-U interactions were included for modeling and considered as non-canonical base-pairings.[@R37]^,^[@R38] The AUCG tetra-loop of each repeat was also scripted to correspond exclusively to the NMR structure fold published by Duszczyk et al.[@R22] Although helical stacking, as well as any other desired interaction, can be "forced" by description in MC-Sym scripts, no additional interactions were provided in the MC-Sym scripts other than the base-pairings presented in [**Figure S4**](#SUP){ref-type="supplementary-material"}. At each position, 25% of the cyclic building blocks were tried, the backtrack was 25% of the structure and the method was probabilistic. The maximum number of structures was fixed to 30, the computation time to 72 h and the minimal difference between two structures to 2.0 Å. The energies of the structures were directly minimized on the web server until the root-mean-square gradient (GRMS) was \< 5 kcal/mol/Å.

RNA-binding assay
-----------------

We synthesized an m^5^C-modified RNA spanning repeat 8 of XIST (5′-AUC UGC UUG m^5^C m^5^C m^5^C AUC GGG Gm^5^C m^5^C GCG GAU) using the 2\'-*O*-TOM-methodology for RNA solid-phase synthesis[@R39]^-41^ and a commercially available m^5^C phoshoramidite building block (Glen Research). An unmodified RNA with the same sequence was obtained from IDT. Both RNAs were repurified using Vivaspin 500 columns (Sartorius),^32^P-labeled at the 5′-end using T4 polynucleotide kinase (New England Biolabs) and purified again on Centri-Spin 10 columns (Princeton Separations). Binding reactions were performed by incubating 4 µg of recombinant PRC2 complex (BPS Biosciences) with either the modified or unmodified labeled RNA at equimolar concentrations in binding buffer (20 mM TRIS-HCl pH 7.9, 0.1% NP-40, 10% Glycerol) for 15 min at room temperature. The PRC2-RNA complexes were purified on anti-Flag-M2-agarose (Sigma-Aldrich). The amount of bound RNA was determined by scintillation counting of input material and extensively washed beads and expressed as percent of input material. Proteins bound to the Flag-beads were eluted in 2x SDS loading buffer and subjected to electrophoresis on 8% (PRC2) or 15% (scAb) SDS polyacrylamide gels with subsequent staining by Coomassie brilliant blue.

Author note: Please add in-text citation for References [@R34] and [@R35].
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